Analysis of variable flow rate tests has been of special interest recently because, in many cases, it is impractical to keep a flow rate constant long enough to perform a drawdown test. Further, in many other drawdown and buildup tests, the early data were influenced by wellbore storage effects, and the duration of these effects could be quite long for low-permeability reservoirs.
Introduction
In recent years, it has become more common to measure both wellbore sandface pressures and flow rates simultaneously, in an effort to eliminate wellbore storage effects on reservoir response at early time. The availability of these sandface measurements may extend the applicability of the solutions of the diffusivity equation to cases that had not been analyzed previously.
In fractured wells, the fracture response occurs so early during a well test that wellbore storage might completely mask the fracture response. Most of these techniques ignore the early (or linear) flow data. They mainly used the late time (or radial flow) data to arrive at overall estimates of permeability and skin. Those techniques that used early-time data apply type-curve matching in order to arrive at fracture characteristics.
While type-curve matching is a useful tool for identifying the reservoir model to which the pressure response can be attributed, the results are often not as accurate as other methods because of the lack of uniqueness of the obtained match. This paper presents a new method for the analysis of the response of a fractured well located in an infinite acting reservoir, using simultaneously measured sandface rate and downhole pressure data. The fracture may either be uniform-flux or infinite-conductivity type. The method will be used to analyze three field cases reported in the literature5),8).
Mathematical Model
The mathematical model presented in this paper is applicable for the analysis of drawdown as well as buildup test data for oil wells and gas wells, because the equations for the model were developed in a dimen-sionless form.
First, the equations required for the analysis of oil wells are derived. Second, corresponding equations for gas wells are presented. Fig. 1 is a sketch of a hydraulically fractured well in an infinite reservoir. The reservoir is homogeneous, isotropic, and fully saturated with a single phase of small and constant compressibility. gives the pwD solution for an infinite-conductivity frac-ture.
Shown in
Two approximations of Eq. (1) are normally used. These are: 1) the short-term or linear flow model given by:
The above equation is valid for a uniform-flux fracture 2) the long-term or pseudoradial flow model8),9) given by:
Equation (5) is valid for an infinite-conductivity For variable production rates, the dimensionless pressure of wellbore at the time of each measured point, which was derived by applying superposition to the solution given by Eq. (1), is given by:
where i is the measured data point.
Proposed Method of Analysis

Analysis of Oil Wells
The proposed method of analysis is applicable to both drawdown and buildup testing. For multirate drawdown analysis, Eq. (7) applies. After substituting for pwD,i using Eq. (3), one obtains: 
For buildup after a constant-rate drawdown period, the dimensionless well shut-in pressure is obtained by superposing the flowing and shut-in periods as follows:
Combining the above three equations gives:
or in dimensionless form:
where, Equation (12) is a general equation that can be used to analyze buildup data for a well that is produced at a stabilized rate q0 for a period of time tp, using simultaneously measured sandface afterflow rates and wellbore pressures.
The dimensionless pressure terms in this equation can be evaluated using Eqs. (4) and (5) for short-and long-production times, respectively.
A special case arises when production time is long, i.e.,
3.2.
Analysis Procedure While the analyses of drawdown and buildup data are similar, the working equations are different.
After identifying the linear and pseudo radial flow periods, using rate-normalized pressure change versus time on log-log paper5), the proposed method of analysis proceeds as follows: (1) analyze linear flow data, (2) analyze pseudo radial flow data, (3) combine the analyses of (1) and (2) above, and (4) estimate the skin factor. The details of these steps follow:
Step #1. Analysis of linear flow data. The early transient multirate linear flow equations [obtained from the superposition of the solution given by Eq. (4)] after normalization are given below: For drawdown, Plotting the normalized pressure change [the lefthand side of Eq. (15)] versus the normalized flowratetime factor [the function inside the braces {} on the right-hand side of Eq. (15)] on Cartesian paper using sandface afterflow rate and wellbore pressure data, for either a uniform-flux or an infinite-conductivity fracture, yields a straight line that passes through the origin with a slope m'1. Equation (16) relates the reservoir fracture half-length (xf). Knowing any two of the above parameters allows the third parameter to be estimated.
Step #2. Analysis of pseudo radial flow data. The transient multirate pseudo radial flow equations [obtained from the superposition of the solution given by Eq. Step #4. Skin factor calculation.
The equivalentskin can be estimated using the following equation:
which was derived by comparing Eq. (19) for a fractured well with its counterpart for an unfractured well.
Analysis of Gas Wells
For gas well testing, the proposed method of analysis is applicable but the definition of the dimensionless pressure is different.
The dimensionless pressure for gas wells is expressed in terms of the gas pseudo pressure, m(p), defined by Al-Hussainy et al.11 
Shown
in Fig. 3 is the relationship between normalversus shut-in time on log-log paper. The line through the early time data has a slope of approximately 0.5, which indicates linear flow.
Step #1. Shown in Fig. 4 is a plot of normalized measured pressure buildup versus flowrate-time factor of Eq. (15) for the linear flow period on Cartesian paper. The early time data on this plot yield a straight line that passes through the origin and has a slope m'1= 0.4763.
Step #2. Shown in Fig. 5 It can be noticed that the value of C1=2.62 is closer to 2.8 than to 2.2 [see Eq. (6)] indicating that this well has a uniform-flux fracture.
Step #4. The application of Eq. (24) gives equivalent skin, s=-4.64.
Fetkovich and Vienot5) analyzed this data using several techniques, namely, Horner plot, MDH plot, wellbore storage type-curves, uniform-flux vertical fracture constant-rate solution, and superposition of uniformflux vertical fracture solutions.
The results obtained in this paper and those reported by Fetkovich and Vienot5), Agarwal12), and Nashawi6) are compared in Table 1 . Fetkovich and Vienot fracture characteristics were actually obtained from type-curve matching, first with the log-log uniform-flux type-curve match, and then with a pD versus tD superposition plot in which the value of tD/t was varied using a trial-and-error pro-cedure until a minimum standard deviation was obtained between the observed and back calculated values of rate-normalized pressure. Close examination of the results reported in Table 1 reveals that all methods give comparable results. 4.2. Test 2: Oil Well Buildup (Brownscombe Case No. 5) This case deals with an oil well in a field that was subjected to a water flood. The well was producing oil, water, and gas. A 77-h buildup test was run on this well. Bottom-hole pressure and total sandface flow rate (in reservoir volumes) data versus time were reported in Ref. 12 . Shown in Fig. 6 is a log-log plot of normalized pressure buildup versus time. This figure shows that the middle part of the data fall on a line having a slope of approximately 0.5 indicating linear flow. Shown in Fig. 7 is a plot of normalized pressure buildup versus flowrate-time factor for the linear flow period. This figure shows that the early time data yield a straight line that passes through the origin with a slope of 0.2005. Shown in Fig. 8 is a plot of normalized pressure buildup versus flowrate-time fac-tor for the pseudo radial flow period. The figure shows that the late data fall on a line having a slope of 0.4362 and an intercept of-0.6285.
Using In addition, the new method indicates that the fracture is of a uniform-flux type. 4.3. Test 3: Gas Well Drawdown (West Virginia Gas Well B) This is a low-permeability well that was hydraulically fractured.
A 72-h drawdown test was conducted in which both bottom-hole pressures and sandface rates were measured.
The data used in the analysis of this well test were reported by Fetkovich and Vienot5). The flow rate varied throughout the test. Shown in Fig. 9 is a log-log plot of normalized pseudo pressure drop versus time. The figure shows that most of the data fall on a line having a slope of approximately 0.5 indicating linear flow. Shown in Fig. 10 is a plot of normalized pseudo pressure drop versus flowrate-time factor for the linear flow period. The figure shows that the early time data yield a straight line that passes through the origin with a slope of 54,500. Shown in Fig. 11 
Conclusions
The following conclusions were drawn from the present study: 1) The superposition technique was applied to develop simple equations that can be used to analyze the simultaneously measured sandface afterflow rate and downhole pressure data for the linear flow period. These equations were combined with those for the pseudo radial flow period to devise a new method of analysis.
2) The new method gives direct estimates of reservoir and fracture characteristics, without using specialized plots.
3) The new method is an attractive alternative to other methods because it is simple and straight forward; It does not resort to type-curve matching, and it gives an indication of the fracture type. 4) The new method is tested successfully against three field cases reported in the literature for drawdown and buildup tests in oil and gas wells.
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